The microstructural response of neutron irradiated 3C-SiC have been investigated over a wide irradiation temperature and fluence range via qualitative and quantitative synchrotron-based X-ray diffraction characterization. We identify several neutron fluence-and irradiation temperature-dependent changes in the microstructure, and directly highlight the specific defects introduced through the course of irradiation. By quantifying the microstructure, we aim to develop a more detailed understanding of the radiation response of SiC. Such studies are important to build mechanistic models of material performance and to understand the susceptibility of various microstructures to radiation damage for advanced energy applications.
Introduction
SiC based materials display novel structural properties including resistance to radiation damage, high specific strength and retention of this strength at high temperatures [1] . Such unique behavior has made SiC the center of many research efforts, particularly within the nuclear energy community for use as a structural material in advanced reactors (fission and fusion), and as an accident tolerant fuel cladding for light water reactors [2, 3] .
The ability to quantify irradiation-induced defects and the evolution of microstructure with irradiation conditions is essential to the effective implementation of SiC for advanced energy applications [4] [5] [6] . In SiC, small interstitial and vacancy clusters are known to contribute to macroscopic swelling, a decrease in thermal diffusivity [1] and irradiation creep [7] . However, the nature of the defects, such as structure and composition, and their effects on the material microstructure are poorly understood due to the experimental difficulties in isolating atomic scale information. Furthermore, linking the atomic scale changes and microstructural evolution as a function of irradiation conditions is key to both fundamentally understanding radiation induced process [8] and in the effective modelling of material [9] and reactor performance [10] .
Recently, synchrotron based X-ray methods have become increasingly important techniques to probe the initial structure, morphology, chemistry and structural evolution of nuclear materials [11] [12] [13] . The ultra-high flux, energy tune-ability and high-energy resolution of synchrotron beamlines are particularly useful when applied to real world engineering materials that are typically polycrystalline with heterogeneous microstructures [14, 15] . Synchrotron methods (including both glancing incidence and transmission mode) can also be used to quantify structural information within shallow damaged layers created by ion implantation in various materials including, non-crystalline solids [16, 17] , embedded precipitates [18, 19] , single crystals [20] and in more complex polycrystalline materials [21] [22] [23] . Powder X-ray diffraction (XRD) methods with advanced synchrotron sources can provide a wealth of information that are complementary to conventional characterization methods and yield quantitative atomic, crystallographic, microstructural and defect information [24, 25] . Furthermore, X-ray methods intrinsically sample significantly more material volume than microscopy-based methods and are thus highly sensitive to the defects present throughout the thickness of a sample [26] .
Here, we discuss the microstructural evolution of high purity 3C-SiC samples exposed to neutron irradiation under various conditions. Through both qualitative and quantitative synchrotron-based XRD analysis, the fluence-and temperature-dependent changes in the atomic, meso and microstructure are described. We note that this is the first time that high-quality XRD analysis has been presented on the microstructural evolution of neutron irradiated CVD SiC over a wide temperature and fluence range pertinent to advanced reactor conditions.
Materials and methods
Polycrystalline, chemical vapor deposited 3C-SiC (high resistivity grade, 99.9995% pure purchased from Dow Chemical Co., Marlborough, Massachusetts) samples were irradiated in the High Flux Isotope Reactor at Oak Ridge National Laboratory. The initial average grain size was a few microns with no preferred orientation [27] . The irradiation temperature and neutron fluence ranged from 380 to 1180°C and 0.011 to 31 × 10 25 n/m 2 [E N 0.1 MeV], respectively. These fluences correspond with nominal fluence of 0.011 to 31 displacement per atom (dpa) in SiC. XRD measurements were performed at the National Synchrotron Light Source-II (NSLSII) using the high-energy X-rays available at The X-ray Powder Diffraction beamline XPD [28] . All measurements were performed in transmission mode with an amorphous Silicon-based flat panel detector (Perken-Elmer) mounted orthogonal the beam path. The sample-to detector distance and tilts of the detector relative to the beam were refined using a LaB 6 powder NIST standard. The wavelength of the incident X-rays was 0.23644 Å (52.437 keV). The sampleto-detector distance was calculated to be 1305.1 mm resulting in a twotheta range that encompassed the first 11 diffraction peaks for 3C-SiC [29] .
The samples were wrapped in Kapton tape to limit exposure during shipping and handling at the beamline. Samples were continuously rotated during acquisition to improve the powder averaging. Multiple (500) XRD patterns were collected to avoid saturation of the detector with a 0.1 s count time. All raw two-dimensional patterns were background corrected by subtracting a dark current image. Noticeable artifact regions of the detector (like the beam stop and dead pixels) were masked. The corrected and masked two-dimensional detector images were then radially integrated to obtain one-dimensional powder diffraction patterns. The background Kapton containment and air scattering components were then subtracted from the individual XRD patterns. The corrected XRD patterns were Rietveld refined with the TOPAS software package (BRUKER). The peak profiles for the SiC reflections (and an additional peak from the stacking fault defects) were modeled using a modified pseudo-Voigt function. The instrument contribution to the broadening of the measured profiles was quantified by fitting a LaB 6 powder NIST standard, with known crystalline-domain size and negligible strain contribution. The instrument-based broadening parameters were subsequently fixed during the analysis of the SiC samples under investigation. The lattice parameter, microstrain and coherent grain size components were allowed to vary during the Rietveld refinements.
Transmission electron microscopy (TEM) was employed to directly observe the microstructures in the irradiated samples. Electron transparency was achieved with conventional mechanical thinning, followed by ion milling with 3-5 keV Ar ions (Fischione model 1010). TEM darkfield images were acquired using a Philips Tecnai 20 operating at 200 kV. The macroscopic swelling measurement were conducted based on the length change of the specimen measured using a conventional micrometer. The original specimen length was 40 mm, and the accuracy of the volumetric swelling measurement was ∼±0.08%.
Results
Fig . 1 shows representative XRD patterns around the (111) and (002) reflections for the unirradiated and samples irradiated to (a) 0.11 dpa and (b) 30 dpa at different irradiation temperatures. All patterns show that the SiC samples have the F-43 m crystal phase and a small shoulder peak at ∼5.06 degrees, due to stacking fault defects [30, 31] . The XRD patterns show that irradiation at all temperatures results in significant shifts of the peaks to lower two-theta angles. The most pronounced shifts are observable for the 0.11 dpa (and 1.0 dpa) samples irradiated at 380°C. At higher temperatures, the shift becomes less pronounced. Such a change in peak position to lower two theta values is indicative of a lattice expansion. The lattice parameters determined for all samples presented here are given in Table 1 . In addition to the lattice expansion, samples irradiated above 0.1 dpa show significant changes in the shape of the peak profiles, with the 30 dpa samples showing the most broadening. This broadening comes from a decrease in the coherent grain size and/or an increase in the number of dislocations. A large diffuse scattering component around the Bragg reflections is also observable, in all irradiated samples (and will be the focus of a future publication [32] ). Qualitatively, such changes indicate that the irradiation induces significant changes in the atomic structure and microstructure [33] . The changes in the XRD patterns are largely consistent with previous studies [34, 35] on 3C-SiC samples produced by reaction sintering. We note however, that the starting material used here is of much higher purity than that discussed in the aforementioned references, with significantly different initial microstructure (larger coherent grain size and smaller microstrain parameters). 1.0 dpa. A gradual decrease in unit cell volume with increasing irradiation temperature is also evident for all dpa levels. Similar behavior is also observed in ion irradiated single crystal 4H-SiC [36] . The volume expansion quantified from the XRD analysis is very similar to the macroscopic swelling measurements following irradiation [37, 38] (swelling for similar samples are overlaid as solid symbols for reference). The XRD measurements are sensitive to the multiple defects that cause macroscopic swelling, i.e. vacancies [39] [40] [41] and black spot defects, [42] antisite defects, or small interstitial clusters [36, 40, [43] [44] [45] . This analysis indicates that at relatively low dpa the lattice swelling is similar in magnitude to the macroscopic swelling. The fluence-temperature evolution of the number density of black spot defects has previously been shown by TEM to behave in a very similar way to the lattice parameter determined here, with a decreasing density at elevated irradiation temperatures [36, 43] . It is interesting to note that samples irradiated to 30.0 dpa have lower lattice volume expansion relative to the samples irradiated to 0.11 and 1.0 dpa [46, 47] , while still showing macroscopic swelling similar to the 1 dpa samples. This is potentially the result of significant microstructural changes, discussed below.
As briefly described above, irradiation causes significant changes in the XRD peak broadening and the effect increases with increasing neutron fluence. The quantitative determination of the microstrain parameter (or broadening of the diffraction peaks) and coherent grain size confirms that significant changes ensue with irradiation fluence, as shown in Fig. 3 . Note that both the microstrain and coherent grain size parameters (unlike the lattice parameter and swelling) are relatively temperature-insensitive. The defects associated with the diffraction peak broadening are thus driven primarily by irradiation fluence. The larger microstrain components quantified for the samples irradiated above 1.0 dpa indicate that more line defects are present in these samples. These changes are again largely consistent with past works, where irradiation of polycrystalline 3C-SiC resulted in XRD peak broadening Fig. 4 . Intensity ratio of the peaks associated with the stacking faults (shoulder peak at ∼5.06 degrees) and (002) diffraction peak. [35, 48, 49] . The defects responsible for the aforementioned changes are potentially small interstitial dislocation loops and Frank loops, which are known to ensue in SiC with neutron irradiation [34, 43, 50] . These defects do appear to have a subtle effect on decreasing the coherent grain size, due to their large number density in the 0.11 and 1.0 dpa samples. Another interesting feature in the irradiated XRD patterns (as seen in Fig. 1) , is an increase in the scattering/diffraction signal from the 5.06-degree shoulder. The increase in intensity with high irradiation fluence indicates that the defects responsible for this shoulder, such as stacking faults and/or Frank-loops on 111 planes, are potentially increasing in number density. As these defects also effect the XRD peak broadening they should not be ignored as a potential source for changes in the microstrain and coherent grain size [33] . To semi-quantitatively capture changes in the stacking fault density with irradiation, the intensity ratio of the stacking fault shoulder peak and the (002) peak were extracted [51] . The intensity ratios calculated as a function of irradiation conditions are shown in Fig. 4 . The semi-quantitative results confirm that the density of these defects increases with irradiation fluence and that they may have a non-negligible effect on the microstrain and coherent grain size.
Discussion
A schematic of the different defects quantifiable from the XRD analysis, and their evolution with fluence and temperature is shown in Fig.   5 . The samples irradiated to 0.01 dpa show the smallest lattice volume expansion and macroscopic swelling. Therefore, at lower dpa the macroscopic swelling is attributed to point defects that cause lattice expansion and shift in XRD peak position. Samples irradiated to 0.11 and 1.0 dpa have the largest lattice volume expansion due to a high density of black spot/vacancies/anti-site/small cluster defects, and show an increase in the number of dislocation loops. The XRD analysis indicates that after ∼0.1 dpa, the density of the defects responsible for the lattice swelling have saturated and are potentially collapsing into larger defect configurations. After a fluence of ∼30 dpa there is a significant increase in the number of dislocation loops and a concomitant decrease in the defects related to the lattice volume expansion. TEM images shown in Fig. 6 for samples irradiated at ∼400°C to (a) 0.11 and (b) 31.0 dpa confirm the defect evolution described above with small defect clusters observable in the low fluence sample (Fig. 4(a) ), while a combination of small defects clusters and dislocation loops (interstitial loops) are observed after high fluence (Fig. 4(b) ). Indeed, under these irradiation conditions, both small (∼2 nm) and large (6 nm) loops are observable from TEM along 111 planes [34, 43] with high number densities (∼10
23
- 10 24 ). The decrease in the lattice volume expansion, with saturated macroscopic swelling for the 30.0 dpa samples can thus be understood as the result of an evolving microstructure, with an increase in the density of interstitial loops and larger line defects that grow at the expense of the black spot defects. Loops and line defects readily lead to an increase in the number of defects that result in peak broadening over lattice expansion. The TEM results presented here also show no sign of irradiation-induced voids for these irradiation conditions [52] . Therefore, our results show that the radiation-induced dislocation loops (that cause XRD peak broadening) have a non-negligible role in contributing to the measurable macroscopic swelling at high fluence.
Summary and future opportunities
In summary, the various microstructural changes in high quality CVD 3C-SiC have been quantified by synchrotron-based X-ray diffraction. The fluence and temperature dependent volume expansion from the radiation-induced black spot/vacancies/small cluster defects is consistent with the macroscopic swelling measurements at low neutron fluences, up to 1.0 dpa. At ∼30 dpa, the small defects appear to coalesce into a large density of line defects that appear to contribute to the macroscopic volume expansion with minimal lattice expansion. The sensitivity of the XRD profile analysis to quantify the radiation-induced changes in the microstructure (i.e. coherent grain size and microstrain) showed that these parameters were relatively insensitive to the radiation temperature. The microstructural analysis revealed that at high fluences the coherent grain size and microstrain change due to an increase in the dislocations and a slight increase in the stacking fault density or 111 plane defects. Our analysis highlights the usefulness of 5 . Schematic of the fluence and temperature evolution of the point and line defects quantifiable from the XRD analysis. The BSD/Vacancy/Anti-site defects will expand the lattice and cause the XRD peaks to shift to lower two theta angles. The dislocation loops (such as interstitial loops) will cause peak broadening and therefore, the microstrain parameter to increase. The box size represents the macroscopic swelling measured by the length change using a micrometer.
quantitative XRD to capture the evolution microstructure with irradiation conditions and disentangle the various defects that ensue in polycrystalline CVD 3C-SiC with neutron irradiation. We also independently confirm the contribution of TEM invisible defects to the macroscopic swelling behavior.
Future work includes linking the changes quantified from the XRD analysis with those predicted by modelling efforts, such as black spot defect and interstitial dislocation loop density. The short, medium and long-range order accessible by synchrotron-based XRD methods will allow direct comparison of defect structures from modelling efforts. Such comparisons will better aid in understanding the key parameters that lead to microstructural changes and performance degradation, as well as building robust mechanistic models of material performance. The XRD methods described here are by no means limited to SiC, and could also be used to quantify the radiation-induced defects in other nuclear ceramic materials (such as composites, graphite, UO 2 and ThO 2 ). Finally, the ability to quantify the radiation-induced microstructural changes in nuclear materials in situ with co-incident ion and synchrotron X-ray beams are currently under investigation at BNL. With such a capability, the continuous monitoring of radiation effects on materials would provide accelerated materials testing and a means to aid in the verification and validation of computational models.
